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Arguably the two most important factors influencing the performance of devices based around active organic materials are the nature of the interfaces and the molecular orientation within the device. The former is critical for charge injection while the latter will determine charge transport as well as the absorption/emission direction of light. In earlier works we have shown that oxygen chemisorbed at the Al/ sexiphenyl ͑6P͒ interface has two beneficial effects: on the one hand it significantly improves the band alignment for electron injection over that for clean aluminum 1,2 while on the other it has been shown that the oxygen acts as a surfactant for the formation of an Al wetting contact layer on the organic. 3 Here we will show that the presence of oxygen on the Al substrate leads to a reorientation of the 6P molecules from having their molecular axes parallel to the Al͑111͒ surface ͓6P͑21-3͔͒ ͑Ref. 4͒ to being near perpendicular to the substrate.
Sexiphenyl growth series following the changes in work function ͑͒ and the development of the valence band structure were performed at room temperature ͑RT͒ and at 80 K ͓low temperature ͑LT͔͒ on both clean Al͑111͒ and Al͑111͒ exposed to oxygen at RT. The He I spectra as a function of exposure were taken both for normal and 50°off normal photoemission angles. The initial work function of the substrate was dependent of the oxygen exposure ranging from 4.25 eV for clean Al͑111͒ down to 3.2 eV after a saturation RT oxygen exposure ͑4000 L, 1 L = 10 −6 Torr s͒. Saturation oxygen exposure is known to lead to a smooth ultrathin amorphous aluminum oxide surface layer while the midrange oxygen exposure results in an Al͑111͒ surface covered by a mixture of patches of chemisorbed oxygen and aluminum oxide. 5 The insert of Fig. 1 displays as a function of 6P exposure on both clean and oxygen exposed Al. On clean Al the rapid decrease in saturates at 4.5 Å of sexiphenyl due to the completion of the first monolayer-an ordered densely packed layer of molecules parallel to the surface. 4 In contrast on the oxidized Al surfaces 6P does not result in any significant changes in work function irrespective of substrate temperature, even for exposures greater than 100 Å, and the completion of the first layer cannot be determined from the work function. A typical ultraviolet photoemission spectroscopy ͑UPS͒ growth series at RT on an oxidized Al surface is shown in Fig. 1 . The molecular emission features are visible even at the lowest 6P exposures ͑1 Å͒ superimposed on the broad intense feature due to the oxygen 2p emissions from the substrate surface. The substrate features are buried by an exposure of around 30 Å with the broad sexiphenyl emissions bands C, B, and the band clearly recognizable. In the latter the highest occupied molecular orbital ͑HOMO͒ and HOMO-1 are resolved peaks at 2.5 and 3.0 eV below the Fermi level. No strong effects were observed in the photoemission spectra as a function of electron takeoff angle, with only a small reduction in the relative intensity of bands C and D whose centers of mass also slightly shifted due, presumably, to changes in relative emission intensity of the unresolved orbitals within these emission bands. The growth and angle resolved photoemission behavior were identical on all oxidized surfaces, irrespective of the degree of oxidation in all respects apart from the energy positions of the molecular features with respect to the Fermi level. These are rigidly shifted by an amount equal to the differences in the work functions of the films. When referenced to the vacuum level all spectra of films grown at RT on the oxidized surfaces are a͒ Electronic mail: michael.ramsey@uni-graz.at identical with an ionization potential, as measured from the HOMO peak position, of 6.0 eV.
Carbon K-edge near-edge x-ray-absorption fine structure ͑NEXAFS͒ for a range of 6P coverages at RT on the oxidized Al surface were performed. The spectral series as a function of x-ray incident angle for 145 Å 6P exposure displayed in the insert of Fig. 2 is typical showing a strong absorption at photon energies of 284.6 eV for normal incidence due to the * resonance which becomes progressively weaker for higher incident angles, while the * orbitals have the opposite behavior. As the * molecular orbital vector is perpendicular to the 6P molecular axis, this behavior implies that the molecular axis is near perpendicular to the surface. Figure 2 displays the calculated behavior of the intensity ratio I͑ =0°͒ / I͑͒ for a * resonance as a function of the * vector angle ␣ with respect to the surface normal, assuming threefold or higher symmetry and 95% polarization. As can be seen, the experimentally determined intensity ratios clearly imply an ␣ of 77°± 5°and thus that the molecular axis is tilted 13°from the surface normal. This is close to the tilt of the molecules in ͑001͒ oriented 6P crystallites ͑17°͒. The ͑001͒ orientation is commonly seen in x-ray diffraction studies of thick films grown on passive amorphous substrate surfaces such as glass and SiO 2 . 6 The growth behavior at 80 K as observed in UPS is quite different to that at RT with the substrate emissions being suppressed by 7.5 Å and the molecular emission features fully developed by 15 Å. The early suppression of the substrate features implies that the molecular mobility has been reduced enough so that the growth at 80 K is near hit and stick. Figure 3 shows spectra of 15 and 30 Å 6P condensed on oxidized Al surfaces grown and measured at 80 K, and after warming to RT. There is a nonreversible change in the ionization potential of the molecules from 6.6 to 6.0 eV on warming and the UPS spectral fingerprint of the molecules at 80 K is significantly different to those on warming to RT. The latter are identical in all respects to the 15 and 30 Å films grown at RT ͑cf. Fig. 1͒ . The reappearance of the substrate O 2p emission for the 15 Å film clearly indicates that there is a significant morphological change that has left bare substrate visible, while for 30 Å, although the electronic structure of the molecule has clearly changed, the surface is still completely covered by molecules. The simplest morphological change would be islanding whereby the molecules stack on top of each other. We believe, however, that it is due to the reorientation of the molecules from a parallel to a near vertical orientation on warming to RT, as indicated by the schematics in Fig. 3 . A single layer of upright standing molecules would require an exposure of ϳ30 Å of 6P while ϳ15 Å corresponds only to a coverage of 0.5 ML of upright molecules, and thus the results suggest that an upright wetting monolayer forms on the oxidized Al surface at RT. Figure 4 shows in detail the behavior of the band on warming to RT after 6P exposure at 80 K on both ͑a͒ clean Al͑111͒ and ͑b͒ an oxidized Al surface while ͑c͒ shows the result after the surface of ͑b͒ had another 30 Å of 6P applied to it. As indicated in the figure no significant changes in the work functions of the films are observed on warming to RT. On clean Al͑111͒, apart from the emissions becoming a little more distinct, there are no significant changes in the angular behavior of the valence band spectra, the work function or the ionization potential ͑IP= HOMO binding energy with respect to E F + ͒, which remains at 6.6 eV. Indeed no changes are observed until 220°C when the molecular film desorbs. In all respects the spectra and IP are identical to those of films grown at RT on clean Al͑111͒ where epitaxial 6P crystallites grow with their ͑21-3͒ crystalline plane parallel to the substrate surface such that all molecules are parallel to the surface and to the close packed Al rows of the surface ͑i.e., the ͗1-10͘ azimuths͒. 4 This is in stark contrast to films grown at elevated temperatures ͑Ͼ100°C͒ on clean Al͑111͒ where
The inset shows the C K edge NEXAFS spectra of a 145 Å thick film of sexiphenyl grown on oxidized Al͑111͒ at RT for x-ray incidence angles from normal ͑ =0°͒ to glancing incidence ͑ =80°͒. The theoretical * intensity ratios are plotted as a function of the angle of the molecular axis to the surface ͑␣͒ for various x-ray incidence angles. The points are the experimentally determined ratios which imply an angle for the molecular axis of 77°. the films consist predominantly of crystallite orientations where the molecules are near perpendicular to the substrate and have similar angle-resolved UPS behavior, -band signature, and IP to films grown at RT on the oxidized Al surface.
1 In contrast to the clean substrate, on the oxidized Al, Figs. 4͑b͒ and 4͑c͒, the films condensed at 80 K undergo a change in the spectral appearance and the ionization potential decreases by 0.6 eV on warming to RT. The results indicate that condensed films on the disordered oxidized Al surface reorient to the near vertical on warming to RT while those on the atomically ordered Al͑111͒ do not.
The near upright 6P͑001͒ orientation observed here on the oxidized Al surface is commonly observed on oxides and nonatomically clean/contolled surfaces such as glass or SiO 2 . Similar orientations are also observed for pentacene and sexithiophene films on such substrates. 7, 8 This suggests that on passive surfaces this orientation might be a general phenomenon. This could be rationalized on energetic grounds as a film presenting the molecular-CH ends out will have a lower surface free energy than the one presenting the orbitals of the aromatic planes. However, growth is necessarily not a process at thermodynamic equilibrium and is also controlled by kinetics. Growth at RT or annealing films condensed at 80 K on clean Al͑111͒ does not result in films of upright molecules. Also, on ordered oxide surfaces such as TiO 2 ͑110͒ or mica, 6P films grow with the molecules oriented exclusively parallel to the substrates. 9, 10 We suggest that this is due to the long-range atomic order of the substrates. On all substrates it can be expected that isolated molecules will be oriented parallel to the surface. On substrate surfaces with long-range order there will also be preferred orientations of the molecular axes and mobilities along particular surface directions. The molecules can thus approach each other such that the -interactions between molecules occur with the molecules retaining their parallel orientation to the surface and instigating crystalline growth with this orientation. On disordered substates such as SiO 2 or oxidized Al, this is not the case and films of near upright molecules result.
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